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Abstract. In order to characterize the local structure of Pb1-xCaxTiO3 (PCT) samples, Ti K-edge 
XANES measurements were performed and showed that Ca incorporation to PbTiO3 structure leads 
to a decreasing of local distortion of Ti atoms in relation to oxygen atoms at the TiO6 octahedra. 
Moreover, according to EXAFS measurements, the local structure around Ti atoms exhibits 
tetragonal symmetry with P4mm space group for samples with x ≤ 0.475, whereas orthorhombic 
symmetry with Pbnm space group was observed for x equals to 0.50 and 0.55. 
Introduction 
PbTiO3 is a well known ferroelectric material characterized by a strong tetragonal distortion and 
high temperature of paraelectric-ferroelectric transition (773 K) [1]. As a result of high 
tetragonality, cracks are formed in lead titanate ceramics during cooling while passing through the 
phase transition temperature, making these ceramics mechanically fragile. This effect limits the 
production of ceramics from this compound and thus, their exploitation as a commercial product. 
In order to improve the mechanical properties of PbTiO3 ceramics, Pb2+ ions have been 
substituted by Ca2+, forming the Pb1-xCaxTiO3 (PCT) system [2-6]. This system has strong 
piezoelectricity and high values of dielectric permittivity at Curie temperature, becoming a good 
candidate for pyroelectric sensors and dynamic random access memories depending on the Ca 
composition [7]. Besides the decreasing of Curie temperature, the addition of Ca2+ ions to PbTiO3 
compound causes a structural phase transition and the appearance of a relaxor behavior. Although 
there are controversies about the crystalline symmetry in high Ca content samples [2-5, 8]. 
According to Chandra et al. [2,3], X-ray diffraction measurements showed an orthorhombic 
symmetry with Pbnm space group when x ≥ 0.42. On the other hand, Lázaro et al. showed a 
tendency for the coexistence of cubic and tetragonal symmetries in which the weight percentage of 
tetragonal and cubic structure for Pb0.50Ca0.50TiO3 was equal to 54.81% and 45.19%, respectively 
[4,5].  
Although the long-range structure and dielectric properties have been well characterized, the 
local structure of PCT system has been only analyzed through Raman technique [2-5,8]. As far as 
we know, there are no studies concerning the effect of Ca substitution on the local structure of Ti 
atom in PCT compound probed by X-ray absorption spectroscopy (XAS). This technique is a 
powerful tool for use in local structure investigations and provides interesting information about the 
short-range order and the electronic structure of the sample which can be correlated to the physical 
properties of the materials [9]. Although the information about interatomic distances given by 
EXAFS is usually not sufficient for constructing the whole structural model, it often provides 
Advanced Materials Research Vol. 975 (2014) pp 29-35
Online available since 2014/Jul/18 at www.scientific.net
© (2014) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/AMR.975.29
All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 187.7.183.107, Federal University of Sao Carlos, Sao Carlos, Brazil-04/08/14,22:36:35)
 valuable information about the structure allowing to construct a local structural model [10]. XAS 
technique has been applied to study the structure of ferroelectric compounds and has provided 
information about the local structure when the temperature or composition are varied [10,11]. The 
investigation of the process of phase transition in a large number of ferroelectric materials with 
perovskite structure has shown that on the case where it was observed a long-range order phase 
transition, minor modifications are observed at short-range order [12, 13]. Moreover, it has been 
also observed that, even samples presenting an average long-range order cubic structure, the local 
order presents a significant degree of distortion [10, 12]. 
Thus, the present paper concerns the study of the local order structure of PCT system which has 
performed using XAS technique at Ti K-edge with EXAFS and XANES regions of spectra. A 
correlation between the local structure and the ferroelectric behavior is proposed. 
Experimental procedure 
Ceramic samples of Pb1-xCaxTiO3 system were prepared varying Ca content with x = 0.20 
(PCT20), 0.24 (PCT24), 0.35 (PCT35), 0.475 (PCT47.5), 0.50 (PCT50) e 0.55 (PCT55). These 
samples were prepared by the conventional mixed oxide method and conventional sintering route. 
PbO, CaCO3 and TiO2 precursors were stoichiometrically weighed and ball milled in isopropyl 
alcohol for 12 h. The slurry was then dried and calcined in a covered alumina crucible at 1100 °C 
for 3 h. Ceramic bodies were then and fired at 1200-1250°C for 3 h. The samples were sintered in a 
Pb-rich atmosphere to prevent stoichiometric losses.  
Titanium K-edge X-ray absorption spectra were collected at the LNLS (National Synchrotron 
Light Laboratory) facility using the D04B-XAS1 beamline. XAS data were collected at the Ti K-
edge (4966 eV) in transmission mode at room temperature using a Si(111) channel-cut 
monochromator. The extraction of EXAFS spectra were performed using the Multi-Platform 
Applications for X-Ray absorption (MAX) software package [14] and theoretical spectra were 
calculated using FEFF8.2 code [15]. 
Results and discussion 
Ti K-edge XANES spectra of PCT samples are presented in Fig. 1. The pre-edge feature labeled 
as A is due to quadrupolar transitions of t2g-type molecular orbitals located in the absorption atom 
(Ti) [9]. The transitions named as B are caused by hybridization of p- and d-symmetry states at the 
Ti atom under the influence of the neighbouring oxygen atoms that takes place if the inversion 
symmetry is broken relative to the absorbing atom instantaneous position [9]. The pre-edge feature 
labeled C is attributed to Ti 1s electron transition to the unoccupied 3d states of the neighbouring Ti 
atoms. 
As can be seen on Fig. 1, the intensity of peak B decreases as Ca at. % increases, meaning that Ti 
atoms move to the center of TiO6 octahedron. In previous structural study about Pb1-
xBaxZr0.65Ti0.35O3 (PBZT) samples (Zr-rich side) showed that this transition does not exhibit 
variations in its intensity [16]. This behavior was attributed to the fact that a Ti atom are displaced 
on the [111] crystallographic direction due to the rhombohedral symmetry of these samples. The 
PCT samples of the present study exhibit a tetragonal symmetry for lower Ca content and the Ti are 
displaced on the [001] direction. For this reason, the peak labeled as B shows a intensity decrease 
with the Ca at.% content [16].  
Recent studies showed the importance of B atom displacement in the BO6 octahedron in 
compositional ferroelectric phase transitions (as the case of Ca atom incorporation) between 
different ferroelectric phases, as well as the normal-to-relaxor ferroelectric transition [17, 18]. 
Larger B atom off-center displacements allow the overbonding of oxygen atoms to be alleviated by 
motion of the B atoms away from the O atom, tending to stabilize the normal ferroelectric phase 
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 relative to ferroelectric relaxor or other disordered phase [18]. It also has been shown that the 
application of external pressure decreases the Ti off-centering displacement inducing a relaxor 
behavior characterized by a large frequency dispersion [18,19]. Thus, the decrease of the Ti off-
centering displacement indicated by XANES measurements is in agreement with dielectric 
measurements, whose results showed relaxor ferroelectric behavior for Pb0.50Ca0.50TiO3 
composition [8]. 
 
 
Figure 1 - Ti K-edge XANES spectra for PCT samples. The inset shows in details features  
A, B and C. XANES spectrum relative to PbTiO3 sample [12] and XANES spectrum  
relative to CaTiO3. 
 
With respect to C peak on Fig. 1, no significant variations in intensity or shape with the addition 
of Ca was detected. This transition is related to the first neighbors of the Ti atom and the absence of 
variations in this peak suggests no substitution in the B site of BO6 octahedrons because Ti ratio 
was kept constant and Ca atom replaces preferably the Pb site rather than the Ti one. The transitions 
labeled as D, E, F, G and H beyond the absorption edge are related to electronic transitions and 
atomic structure of second and third neighbors of the Ti atom in a distance up to 8 Å from this atom 
[12,16]. As the Ca content increases, no significant variations in amplitude or shape are observed in 
these features.  
As pointed out earlier, the short-range structural data provided by EXAFS gives quantitative 
informations about the number, position and identification of atoms surrounding the absorbing 
element as well as about the structural disorder within the coordination spheres. Thus, Ti K-edge 
EXAFS spectra (χ(k)) of PCT samples were extracted and the modulus of its Fourier transform are 
shown in Fig. 2.  
In order to obtain qualitative information from experimental EXAFS spectra, theoretical spectra 
were calculated using FEFF8.2 code according the PCT structure that has been previously reported 
[2-5,8]. Thus, theoretical EXAFS spectra were calculated considering structural models with a 
cubic symmetry (Pm-3m space group), tetragonal symmetry with P4mm space group and with an 
orthorhombic symmetry with Pbnm space group.  
According to these structural models, the peak more intense between 1.0 and 2.0 Å in the FTs for 
PCT samples corresponds to single scattering interaction between the first six O atoms and Ti atoms 
as the absorber atom. Thus, the intensity increasing of FT first peak as the amount of Ca increases 
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 indicates a decreasing on the local disorder around Ti atoms, in good agreement with Ti K-edge 
XANES results. The single scattering interactions relative to Ti-Pb/Ca and Ti-O (beyond the first 
neighbours at TiO6) paths correspond to the peaks and shoulders between 2.0 and 5.0 Å. This region 
also includes multiple scattering paths such as Ti-O-O, Ti-O-Ti-O, Ti-Pb-O, Ti-Ca-O, Ti-Ti-O, Ti-
O-Ti-O and Ti-O-O-O interactions.  
Quantitative structural data concerning the first coordination shell around Ti atom was modelled 
selecting the peak between 1.0 and 2.0 Å of FT curve and because of the great number of multiple 
scattering paths in region beyond 2.0 Å, only the first peak of the spectra was fitted. The fitting of 
the EXAFS spectra corresponding to the first shell was obtained by a back Fourier transformation 
of the first peak. In all cases, the number of free parameters was kept smaller than the number of 
independent points, which is defined as Nind = 2∆R.∆K/π where ∆R is the width of the R-space ﬁlter 
windows and ∆K is the actual interval of the ﬁt in the K space [20]. The reliability of the ﬁtting 
procedure was determined by a quality factor (QF) [20]. The interatomic distances (R) and the 
Debye-Waller factor (σ2) relative to the best fits are shown in Table 1. As it is not expected 
modification in the number of neighbors (N), this parameter was fixed and in all fits, R, σ2 and ∆E0 
were the parameters left to vary. The experimental and calculated EXAFS spectra of PCT samples 
are shown in Fig. 3. 
 
 
Figure 2 - Modulus of Fourier transform of k3χ(k) EXAFS spectra for PCT samples. 
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 Table 1 - Ti K-edge EXAFS simulation results for PCT samples. 
Sample symmetry 
R (Å) 
σ2 (Å2) QF 
Ti-OI Ti-OII Ti-OIII 
PCT20 tetragonal 1.58(6) 1.92(2) 2.41(9) 0.0084(22) 1.33 
PCT24 tetragonal 1.77(4) 1.95(2) 2.33(7) 0.0052(17) 2.08 
PCT35 tetragonal 1.86(12) 1.94(3) 2.35(13) 0.0101(45) 0.84 
PCT47.5 tetragonal 1.92(17) 1.94(4) 2.48(14) 0.0073(28) 0.34 
PCT50 orthorhombic 1.94(8) 1.94(8) 2.07(5) 0.002(24) 1.21 
PCT55 orthorhombic 1.97(2) 1.89(3) 2.06(3) 0.0000(15) 0.43 
 
 As can be seen in Table 1, the best fit agreement was obtained using as model the tetragonal 
symmetry with P4mm space group for PCT20, PCT24, PCT35 and PCT47.5 samples. According to 
this model, the neighborhood of Ti atoms is formed by two Ti-O interactions with one O atom (TiOI 
and TiOIII) and a third with four O atoms (TiOII). As can be seen in Table 1, TiOII and TiOIII 
interactions do not show significant variation as the Ca content increases, even compared to EXAFS 
results of PbTiO3 compound [12]. Thus, the structure of PCT47.5 sample is still characterized as 
tetragonal symmetry by EXAFS measurements, although Chandra et al. showed a orthorhombic 
symmetry when x ≥ 0.42 [3]. On the other hand, a model considering the coexistence of tetragonal 
and cubic symmetries was used in a refinement using Rietveld method reported by Lázaro et al., 
which correlation factors showed better convergence for PCT samples with x equals to 0.25, 0.50 
and 0.75 [4,5]. However, cubic symmetry is not compatible to the local structure for higher Ca 
contents and the analysis of EXAFS spectra for PCT50 and PCT55 samples clearly shows that the 
Ti local symmetry is orthorhombic. In this symmetry, the local structure of TiO6 octahedra formed 
by three shells of two O atoms (TiOI, TiOII and TiOIII).  
 
 
Figure 3 - Fitting and back-Fourier-filtered experimental signal of the Ti-O first shells. 
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 Conclusions 
Ti K-edge XAS measurements were performed to characterize the local structure of                
Pb1-xCaxTiO3 system as a function of Ca content. XANES spectra showed that Ca incorporation to 
PbTiO3 lattice leads to a decreasing of local distortion around Ti atoms with respect to the TiO6 
octahedra. According to EXAFS measurements, the local structure around Ti atoms presents a 
tetragonal local symmetry for samples with x ≤ 0.475, whereas orthorhombic local symmetry was 
observed when x is 0.50 and 0.55. 
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